Abstract. This paper reports on the preparation of activated carbon from walnut shell. Orthogonal array experimental design method was used to optimize the preparation of activated carbon with phosphoric acid by using microwave treatment. The optimization parameters were: microwave power, activation time, phosphoric acid concentration and particle sizes of nut shells. Thermal analysis of the intact and impregnated with phosphoric acid walnut shells was used for the simulation of activation process. Activated carbon with the optimal parameters was obtained, being characterized by gas adsorption method and scanning electron microscopy.
Introduction
Widespread use of activated carbon (AC) in different areas continues to maintain interest in the increase of its production. Along with this, requirements are growing to the quality of AC. The high number both of methods of activation and AC precursors makes possible diversifi cation and optimization of the processes of their obtaining. Currently tendencies are known for obtaining AC from cheap and renewable raw materials [1] and by methods with low energy consumption, as well [2] . Literature data indicate that nowadays AC is obtained from a variety of precursors, such as waste, both of natural [1] and synthetic origin [3] , in addition to the traditional ones (wood, coal, nut shells). The process of obtaining AC involves an increased consumption of energy; therefore development of methods aimed at reducing energy consumption represents an important direction of investigations. A perspective research line in this context is the use of microwaves in the process of AC preparation [2, 4] .
The employment of microwaves fi nds a widening application in various fi elds [5, 6] . This is explained by many advantages of microwave heating, in comparison with traditional methods. Rapid heating, lack of inertia in heat transfer and reduced activation time [4] , which in turn leads to diminished consumption of energy and activation agents, are amongst the main advantages of its usage. Apart from obvious advantages, the following drawbacks of this method can be revealed: non-carbonized raw material weakly absorbs microwaves [7, 8] ; materials that are used for production of the activation reactors in laboratory are not appropriate for their application at industrial level and existence of a maximum threshold, up to which substance can be heated. Nevertheless, some successful attempts of obtaining AC by microwave treatment on semi-industrial scale have been registered [9] . The listed problems were solved via carbonization the raw material by traditional heating; use of ceramic activation reactor and optimization the activation requirements.
In order to get optimized conditions for AC preparation, a large number of experiments must be carried out, since there are many variables determining the fi nal AC parameters. Experimental design technique is an effective statistical method, which allows setting the optimal parameters in a technologic process, as well as establishing the interactions between variables. Taguchi experimental design method is a mathematical and statistical tool for organizing and systematization the experiment, aimed at obtaining the optimum parameters in terms of performance/cost. This method allows the analysis of a large number of variables in a reduced series of the experiments, by using the orthogonal matrix.
The purpose of this study is to obtain AC from the walnut shells by chemical activation and microwave treatment. Taguchi optimization method was employed to determine the optimum parameters for obtaining the AC. The structural and adsorption parameters of obtained AC were also determined.
Experimental

Materials
Walnut shells of local origin were used as raw material for obtaining the AC. Phosphoric acid (85 wt.%) of analytical grade was used as activating agent. Nitrogen (4.0 purity grade) was used to maintain the inert atmosphere during the activation process and recording the thermograms.
Preparation of AC
The walnut shells were crushed and separated into three fractions: 0.8-2.0 mm; 2.0-3.15 mm; 3.15-5.0 mm; the non-crushed walnut shells were also used. Shells (5.0 g ) were mixed with 10 mL of phosphoric acid (40-85 wt.%) and allowed to contact at room temperature for 24 hours. Thereafter, the mixture of acid and shells was transferred to the quartz reactor and subjected to the activation process. During the activation process and before cooling the carbons nitrogen with fl ow rate 100 cm 3 /min has been passed through the reactor. After cooling the AC was washed with a solution of KOH (0.05 M), hot and cold distilled water until the pH value of washing solution (6-7). Then AC samples were dried at 110 °C to the constant mass.
Optimization the conditions for AC preparation
In order to optimize conditions for obtaining the AC, Taguchi experimental design method was used. Application of Taguchi method involves the following steps:
1 Table 2 . An L 16 orthogonal array was chosen with four operational parameters known as control factors, namely the microwave power (A), the activation time (B), the concentration of phosphoric acid (C) and the fraction of the walnut shells (D). The studied parameters and their limits of variation were chosen based on preliminary experiments and analysis of the literature data. As control parameters specifi c surface area (S BET ) and yield of obtained AC were chosen. As a result of data processing, the optimal parameters were obtained and the control activated carbon was synthesized (run 17, Table 2 ). Data processing of the optimization experiment was carried out in the program Design-Expert Software version 7.0. 
Analysis of variance
Identifi cation of the most effective parameters for AC preparation was performed by using analysis of variance (ANOVA) technique [10] . This statistical method does not directly analyze the obtained data, but determine their dispersion. In the analysis of variance, many parameters, such as degrees of freedom, sums of squares, mean square [10] , and so on, are computed and organized in a standard tabular format. These parameters and their mathematical relations are presented in Table 3 . it is a measure of the amount of information that can be uniquely determined from a given set of data
Sum of squares, S it is a measure of the deviation of the experimental data from the mean value of the data S= Total sum of squares, S T
gives an estimate of the sum of the variations of the individual observations about the mean, Y , of the experimental data
Variance measures the distribution of the data about the mean of the data. total variance mean variance error variance 
Thermal analysis
Thermal analysis was performed on Derivatograph Q-1000 system. The samples were placed in a platinum crucible. Each sample (about 50 mg) was heated under nitrogen fl ow rate of 100 mL/min and a heating rate of 10 o C/min from 20 to 1000
• C. Thermogravimetric (TG), derivative weight loss (DTG) and differential thermal (DTA) curves were simultaneously registered.
Gas adsorption characterization
Structure and adsorption parameters of AC were obtained from nitrogen adsorption isotherms at 77 K. The adsorption isotherms were measured using Autosorb-1-MP (Quantachrome), with prior degassing at 200 o C for 12 hours. The specifi c surface area (S BET ) was calculated using the Brunauer-Emmett-Teller (BET) equation. The total pore volume (V t ) was calculated by converting the amount of N 2 gas adsorbed at a relative pressure of 0.99 to equivalent liquid volume of the adsorbate (N 2 ). The volume of micropores (V mi ) was determined using the t-method, the volume of mesopores (V me ) was determined from the difference of total volume and the volume of micropores. The DubininRadushkevich (DR) method was used to calculate the adsorption energy (E a ). The Density Function Theory (DFT) was used to calculate the pore volume distribution as a function of radius and effective radius (r ef ).
Surface morphology
The surface physical morphology of AC was identifi ed by using scanning electron microscopy (SEM) technique. A TESCAN Vega TS 5130MM with a 30 kV accelerating voltage was used. Prior to SEM analysis AC sample was dried at 110 o C under vacuum.
Results and discussion
Thermal analysis
With the purpose of determination the changes occurring in the walnut shells activation process, the thermal analysis of the intact and impregnated with phosphoric acid shells was performed (Figure 1a, b) . The main components of the walnut shells are lignin, cellulose and hemicelluloses. Mass fraction of the components, based on the literature data [11, 12] , is presented in Table 4 . As it can be noted, about 50% by weight of walnut shells consists of lignin. Being a three-dimensional polymer, lignin is also the most thermally stable component of the wood [13] . This leads to the increased effi ciency of the process of obtaining the activated carbons [14] and gives them a high mechanical stiffness.
Thermal decomposition of the walnut shells in a nitrogen atmosphere occurs in several steps, Figure 1a . The fi rst step, in the temperature range of 28-150 °C, leads to a decrease in mass of 7.1% that occurs due to the loss of water and volatile substances. From 200 °C is observed the next stage on the TG curve, which is explained by the beginning the decomposition of the less thermally stable component, hemicellulose. Thermal degradation continues until 323 °C, with a maximum at 286 °C, this leads to a mass loss of 24.4% and is accompanied by an exothermic heat effect. The decomposition process of cellulose, which starts at 323 °C and ends at 390 °C, with a peak at 356 °C, is also accompanied by an exothermic effect. This leads to a loss of 24.11% in mass. Further heating occurs with a slow loss of weight, which is caused by the thermal degradation of lignin. It should be noted, that lignin decomposes into a wide temperature range between 200-900 °C [15] and thermal degradation continuous in parallel with hemicelluloses and cellulose. At 1000 °C, the total loss in mass constitutes 70.9%.
However the impregnated with phosphoric acid walnut shells demonstrate different thermal decomposition, Figure 1b . The presence of phosphoric acid moves the start of process to the lower temperatures. This can be explained by the fact that phosphoric acid promotes the dehydration of wood mass and simultaneously decrease mass fraction of volatile organic substances [16] , by this leading to the increase of the yield of fi nal product. Optimization of the activation process Preliminary analysis of parameters for obtaining the AC There are quite a lot of factors that infl uence the AC parameters, to be analyzed in one series of experiments. Amongst possible factors the following can be listed: activating agent, raw material, time and contact temperature of the raw material with the activating agent, concentration of the activating agent, weight ratio: raw material/activating agent, mass of raw material, size of the particles of raw material, microwave power, activation time, fl ow rate of nitrogen in the process of activation etc. Along with the above-listed factors, which can easily controlled, there are more diffi cult to optimize factors, such as the geometry and material from which the reactor is made, position of the reactor in the microwave oven and others.
Since Taguchi method requires only the use of independent variables, at the initial stage it is necessary to choose the optimal value of the dependent variables. Examples of dependent variables can be the mass of raw material and of activating agent, with respect to the microwave power. Concentration of the activating agent is also a dependent variable, because changing the concentration implies the change of dielectric constant of mixture and therefore, its ability to absorb microwaves. However, in the present study no account was taken on this. Another reason why some preliminary experimental data are required is to establish the main and secondary factors.
In order to determine the optimal ratio of walnut shells/activating agent, a series of activated carbons were prepared. The parameters of produced AC are listed in Table 5 .
As evidenced by Table 5 , increasing the mass of walnut shells, specifi c surface area of the produced AC tends to decrease at the same ratio of raw material/activating agent. Thus, the best parameters were obtained for the ratio 1:2 of raw material/activating agent and walnut shells mass of 5 g. Taking into account these data, for optimizing the process of obtaining the AC, 5 g of walnut shells and 10 mL of phosphoric acid of different concentrations were employed. The results obtained by statistical processing of the experimental data are presented in Table 6 . ANOVA for specifi c surface has shown results with a lower error in the case when the power of microwave was not taken into consideration. The method allows omission of some parameters in favour of obtaining the greater signal-to-noise ratio.
ANOVA results indicate that fraction of raw material has the greatest infl uence (51.8%) on the specifi c surface area of AC, the second parameter in terms of signifi cance (36.9%) being concentration of phosphoric acid. The yield of the AC is directly infl uenced by the concentration of acid (51.8 %) and the fraction of carbon (34%). These data can be explained by the following: the smaller are the particles of raw material, the deeper phosphoric acid penetrates into the volume of walnut shells, which results in a more homogeneous activation, thereby resulting in a larger surface area. At the same time, increasing the concentration of phosphoric acid prevents the formation of volatile compounds, which is consistent with an increase in the yield of the AC. Obtained data are well-correlated with those taken from the thermal analysis.
At the same time, ANOVA indicates that not all variables have a signifi cant contribution to the activation process of carbons. The microwave power and activation time demonstrate low infl uence on the AC fi nal parameters. A plausible explanation of this is supported by the limits of variation of these parameters, which have been taken in excess, namely for a mass of 5 grams of the raw material the process of activation with microwave takes a small time interval and do not need a high power microwave. Indeed, during the activation of carbons it was noted that after 5 minutes of microwave treatment the amount of emitted smoke is negligible; at the same time this period is suffi cient to reach the maximum temperature, regardless of microwave power. Literature data also indicate that augmentation the microwave power and time of activation lead either to decrease or to insignifi cant changes of AC parameters [17, 18] .
Graphical representation of the infl uence of variables on the yield and specifi c surface area is shown in Figure 2 . Microwave power has the same effect on both parameters: increase of the microwave power leads to the decrease of surface and to the AC yield. The observed effect takes place due to rapid dynamics of heating the raw material under microwave treatment at higher power levels. It favours the appearance of a greater temperature gradient within the material particles and evaporation of phosphoric acid before it starts to react; volatiles quickly evaporate and do not take part in formation of the AC structure. All these phenomena lead to a diminution of yield and surface of the AC. 
Experimental verifi cation of the obtained optimal values
The provided in Figure 2 data allowed us to establish the optimum parameters for obtaining AC. As it can be seen, there is not a unique solution for obtaining maximum values for both parameters: for specifi c surface area and yield the optimal conditions are different. Since the initial purpose was to obtain the AC with enhanced values of adsorption parameters, optimization of the process was performed for specifi c surface area. Based on Figure 2 , these parameters are: microwave power -450W (A1), activation time -20 minutes (B4), phosphoric acid concentration -70 wt.% (C3) and particle size of walnut shells in the range of 0.8-2.0 mm (D4). Table 7 offers the modelled values of the analyzed system, as well as experimentally obtained ones. C.V. is the coeffi cient of variation for this model. It is the error expressed as a percentage of the mean. Adequate precision is a measure of the range in predicted response relative to its associated error, in other words a signal to noise ratio. Its desired value is 4 or more. For both parameters this value is more than 4, indicating on a satisfactory signal. The concordance of the model (C.M.) represents the deviation of the experimental values from the predicted ones and, as one can notice, these values do not exceed the range in predicted response (C.V.). Characterization of the prepared at optimized conditions AC The obtained under the optimum conditions AC was studied in detail by using the method of gas adsorption and electron microscopy with streak.
Gas adsorption
The adsorption -desorption isotherm of nitrogen on the obtained at optimized values activated carbon (OAC) is presented in Figure 3 . The absorption and structure parameters are given in Table 8 . OAC is a predominantly mesoporous activated carbon with a high specifi c surface area and a pore size distribution in a wide range (5-60 Å), Figure 4 . This makes possible its use in water purifi cation processes, when the size of pollutant molecules have a distribution in a large domain too. 
Scanning electron microscopy (SEM)
Electron microscopy images of the OAC sample are shown in Figure 5 . According to them, the OAC surfaces were full of cavities and quite irregular as a result of activation. The external surface of the particles demonstrates an advanced roughness, by this increasing the specifi c surface area of AC. 
Conclusions
Taguchi optimization method was employed to establish the optimal conditions for obtaining the activated carbons from walnut shell under microwave treatment. The walnut shells were impregnated at room temperature with phosphoric acid of different concentrations and subjected to microwave irradiation. Particle size of the raw material and concentration of phosphoric acid were found as the factors which infl uenced most largely the fi nal parameters of activated carbons.
Based on ANOVA results, the optimal parameters for obtaining the activated carbons are: microwave power -450W, activation time -20 minutes, concentration of phosphoric acid -70 wt.% and shells particle size in the range of 0.8-2.0 mm. The obtained active carbon has mesoporous structure with a large repartition of pores, thereby being possible to use it in the processes of water potabilization. Specifi c surface area of the obtained under optimum conditions activated carbon constitutes 918 m 2 /g and the yield is 39.5%. Control parameters of the activated carbon correlate very well with those predicted by ANOVA. Taguchi optimization method was proved to be very effective and useful for preparation of the activated carbons.
